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Summary
b-catenin is a transcriptional cofactor mediating the ‘‘canon-
ical’’ Wnt signaling pathway, which activates target genes
in a complex with TCF (LEF) transcription factors [1]. In
many metazoans, embryos are first subdivided during early
cleavage stages into nuclear b-catenin-positive and -nega-
tive domains, with b-catenin specifying endoderm ormesen-
doderm fate. This process has been demonstrated in a wide
range of phyla including cnidarians, nemerteans, and inver-
tebrate deuterostomes (echinoderms, hemichordates, and
ascidians), implying that b-catenin-dependent (mes)endo-
derm specification is evolutionarily ancient [2–10]. However,
the mechanisms leading to the segregation of mesoderm
and endoderm fates from a transient mesendodermal state
are less well defined. We show that subdivision of the
ascidian embryo into the three germ layers involves differen-
tial nuclear b-catenin activity coupled with the first two
animal-vegetal (A-V)-oriented cell divisions. We reveal that
each of these A-V divisions operates as a binary fate choice:
the first between ectoderm and mesendoderm and the
second between margin (notochord and neural) and
endoderm, such that a b-catenin activation sequence of
ON-to-ON specifies endoderm, OFF-to-OFF ectoderm, and
ON-to-OFF margin.
Results and Discussion
We have investigated the process whereby mesoderm and
endoderm fates segregate from a transient mesendodermal
fate using embryos of the ascidians Ciona intestinalis and
Phallusia mammillata and found that, like prior mesendoderm
specification, it involves a b-catenin-driven binary fate switch.
Ascidian embryogenesis proceeds with invariant cell lineages,
allowing developmental events to be described with unusual
spatial and temporal precision. The mesendoderm precursors
arise at the eight-cell stage of development when embryos
divide for the first time along the animal-vegetal (A-V) axis to
generate four animal cells with ectodermal fate and four
vegetal cells, which generate both endoderm and mesoderm,
as well as part of the CNS [11]. The vegetal cells then divide to
generate eight cells at the 16-cell stage. b-catenin-dependent
transcriptional activity becomes progressively restricted to
the vegetal hemisphere during the 8- to 16-cell stage [10]2Present address: Department of Biology, Research and Education Center
for Natural Sciences, Keio University, 4-1-1 Hiyoshi, Kohoku-ku, Yokohama,
223-8521, Japan
3These authors contributed equally to this work
*Correspondence: hudson@obs-vlfr.fr (C.H.), yasuo@obs-vlfr.fr (H.Y.)and is critical for the majority of vegetally derived fates
[2, 12, 13]. By the 32-cell stage, three pairs of vegetal cells
(A5.1, A5.2, and B5.1) have undergone a second round of
A-V-oriented cell divisions to produce the marginal layer,
broadly separating the embryo into ectoderm, margin (meso-
derm and some neural), and endoderm lineages (Figure 1A)
[11]. In this study, we focused on A5.1 and A5.2 cells (hence-
forth termed NNE cells), which generate notochord, neural,
and endoderm lineages (Figure 1A). The NNE cells divide to
generate two vegetally located cells, which generate predom-
inantly endoderm fate (A6.1 and A6.3; henceforth E cells),
and two marginal cells, which are the mother cells of noto-
chord and neural precursors (A6.2 and A6.4; henceforth NN
cells), at the 32-cell stage. Three visualization methods were
used to determine the pattern of nuclear b-catenin during
these cell divisions. First, in Ciona, a reporter for b-catenin/
TCF-dependent transcription driving the lacZ reporter [10]
revealed strong expression in all vegetal cells at the 16-cell
stage, except the transcriptionally quiescent B5.2 [14]
(Figure 1B and see Figure S1A available online). This expres-
sion mirrored precisely the expression of foxD, a direct
transcriptional target of b-catenin (Figure S4A) [13]. At
the 32-cell stage, reporter gene expression was detected
exclusively in E cells, but not in NN cells, as was foxD ex-
pression [13] (Figures 1B, 2, and S1A). Second, in Ciona,
immunostaining with antibodies raised against b-catenin of
another ascidian species, Halocynthia roretzi [15], revealed
nuclear localized b-catenin at the 32-cell stage in the E but
not NN cells (Figure 1C). Morpholino-mediated knockdown
of b-catenin resulted in a decrease of the E cell nuclear
b-catenin signal to a level similar to NN cells, confirming its
specificity (Figure S1B). Finally, mRNA encoding b-catenin
(R459A:H460A)-venus fusion was injected into the optically
clear and translationally active eggs of Phallusia mammillata.
After NNE cell division, nuclear levels of b-catenin (R459A:
H460A)-venus increased in the E cell and decreased in the
NN cell (Figure 1D). These visualization methods show that
nuclear b-catenin is restricted to mesendoderm precursors
at the 16-cell stage and E cells at the 32-cell stage. The
pattern of nuclear b-catenin localization strongly suggests
that it not only plays a role in the choice between animal
and vegetal fates but also, subsequently, between E and NN
fates.
NN and E cell formation at the 32-cell stage is marked by
differential expression of zicL in NN and foxD/lhx3 in E cells
(Figure 1A). We analyzed expression of these genes together
with ephrin-Ad (ectoderm at the 32-cell stage), bra (notochord
at the 64-cell stage), and titf (endoderm at the early gastrula
stage). foxD is a direct target of b-catenin [13]. ephrin-Ad is
one of the earliest panectodermally expressed genes [16]. All
other markers play important roles during the specification
of the tissue in which they are expressed [12, 17–19]. Embryos
were treated with BIO, a pharmacological inhibitor of an
upstream inhibitory regulator GSK-3 [20], to ectopically stabi-
lize b-catenin from the 16-cell stage (just prior to NNE cell
division). This resulted in loss of marginal gene expression
and ectopic activation of endodermal gene expression in the
NN cell or descendants (Figure 2). Importantly, it did not result
β-c
at
en
in
12xTCF::lacZ 12xTCF::lacZ
β-cat β-cat/H2B
A
D
32-cell16-cell
16-cell
A5.1
A5.2 NNE
NN
E
A6.1
A6.3
A6.4
A6.2
B
tilted
view
vegetal
view
32-cell
vegetal
view foxD/lhx3
zicL
β-catenin DAPI
C
B5.1
B5.2
B6.1
B6.2
B6.4
B6.3
Figure 1. Asymmetric b-catenin/TCF Activity
between E and NN Cells
(A) Drawings of embryos at the 16- and 32-cell
stage; gene expression is indicated by colored
dots (key on right), and sister cell relationships
are indicated by bars. Purple arrows point to the
NNE, red to the NN, and blue to the E cell lineage
in this and all subsequent figures. (B) ISH detec-
tion of lacZ expression driven by 12xTCF.
Numbers in Figure S1. (C) Confocal stacks of
medial NN and E cells (A6.1 and A6.2 pairs) at
the 32-cell stage, after b-catenin immunostaining.
(D) Confocal time-lapse analysis of Phallusia
embryos expressing b-catenin (R459A:H460A)-
venus. The panels show medial NN and E cells
just prior to nuclear membrane breakdown with
b-catenin-venus and H2B-mRFP signals as indi-
cated. The graph shows nuclear b-catenin-venus
intensity inNNandEcells fromnuclearmembrane
formation to breakdown. See also Figure S1.
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492in ‘‘vegetalization’’ of the embryo; ectoderm markers were
downregulated, but endoderm markers were not expressed
in the animal half of the embryo (Figure S2). In contrast,
embryos treated with BIO from the eight-cell stage showed
complete vegetalization (Figure S2).
We next inhibited nuclear b-catenin activity by injecting
a dominant-negative version of Ciona TCF (TCFDC) [21]. Injec-
tion into the NNE cell at the late 16-cell stage resulted in
ectopic expression of marginal genes and loss of endodermal
gene expression in E cells, suggesting conversion of E to an
NN-like cell fate (Figures 3B and S3). In contrast, injection
into the mother cell of NNE (A4.1) at the eight-cell stage re-
sulted in loss of both endodermal and marginal gene expres-
sion and induction of expression of a panectodermal gene
ephrin-Ad in the injected clone of cells, consistent with a cell
fate switch from mesendoderm to ectoderm (Figure 3A).
These results indicate that in ascidians, the fate segregation
of the ectoderm, margin, and endoderm layers involves two
b-catenin-driven binary fate choices coupled with the first
two A-V-oriented cell divisions at the 8- and 32-cell stage (Fig-
ure 4A). In the first step, b-catenin drives the binary choice
between vegetal (mesendoderm) and animal (ectoderm) fates
and, in the second step, it controls the choice between endo-
derm and margin fates. A b-catenin activation sequence of
OFF-to-OFF thus generates ectoderm, ON-to-ON endoderm,
and ON-to-OFF margin (Figure 4A). This model was validated
by experimental demonstration that an ON-to-OFF sequence
of nuclear b-catenin activity in animal hemisphere cells gener-
ates ectopic margin (Figures 4B and 4C). Embryos were
treated from the 8- to 32-cell stages with BIO to activate b-cat-
enin throughout the embryo. At the late 16-cell stage, TCFDC
RNA was injected into a single a5.3 cell of the animal hemi-
sphere to attenuate b-catenin activity in this lineage. This re-
sulted in expression of marginal genes in a5.3 descendants.
An ON-to-OFF sequence of b-catenin activation is thus suffi-
cient to generate marginal mesoderm fate in ascidian
embryos.This study provides an example of reit-
erative b-catenin-dependent binary fate
choices associated with oriented cell
division reminiscent of those seen in
nematodes and annelids, although
restricted in ascidians to only the firsttwo A-V-oriented cell divisions of the vegetal hemisphere
[22–24]. In Ciona embryos, these two b-catenin binary fate
switches are important for the segregation of the three primary
germ layers. However, in the distantly related ascidian
species, Halocynthia roretzi, a different mechanism involving
Wnt5-dependent segregation of not mRNA transcripts into
NN cells was shown to drive NN over E cell fate [25]. Our inves-
tigations of this process in Ciona suggest that Wnt5 and Not
are not playing a predominant role in the fate choice between
NNandE cells (Figure S4). One explanation for the difference in
mechanisms in Ciona and Halocynthia may be that the Wnt5/
Not mechanism is required to repress E gene expression in
NN cells in Halocynthia, because in this species NN cells
also exhibit nuclear b-catenin at the 32-cell stage [15]. If the
mechanisms that segregate NN-E fates are indeed distinct
between the two ascidian species, this would constitute
another clear example of developmental systems drift,
whereby a cell-fate specification that takes place within a
homologous embryological context is achieved via distinct
regulatory processes [26, 27].
The initial role of b-catenin in subdividing embryos into ecto-
derm and (mes)endoderm has been reported in many phyla
[2–9]. In Ciona, C. elegans, and P. dumerilii, nuclear b-catenin
asymmetry is observed during the segregation of mesoderm
and endoderm lineages with b-catenin localized to the nucleus
of the endoderm precursor [24, 28–30]. In both Ciona and
C. elegans, b-catenin asymmetry is required for this fate segre-
gation. An ON-to-OFF sequence of nuclear b-catenin activity
might also be involved in the segregation of mesoderm from
endoderm in sea urchin embryos [3, 31, 32]. A shared mecha-
nism for mesoderm and endoderm segregation between sea
urchins and ascidians would be particularly remarkable given
their very different modes of embryogenesis. Although studies
in more animal phyla are required, these data suggest that the
role of b-catenin during segregation of mesoderm from endo-
derm, like its prior role in mesendoderm specification, may be
ancient.
control BIO-late 16
ββ-c
at
en
in
zi
cL
196/206 151/151
32
10/10 11/12
32
lh
x3
  
fo
xD
153/155 171/174
154/155140/151
32
32
zi
cL
39/3928/28
64
tit
f
105/105 93/93
*
eG
br
a
78/78 25/25
eG
m
ar
gi
na
l g
en
e 
ex
pr
es
si
on
en
do
de
rm
al
 g
en
e 
ex
pr
es
si
on
Figure 2. BIO-Treatment from the Late 16-Cell Stage Converts Margin to
Endoderm
Top: confocal stacks of NN and E cell pairs as outlined on the schematic
(right). Markers and expression domains are indicated on the left and
embryonic stage on the top left of each control panel (32, 32-cell stage;
64, 64-cell stage; eG, early gastrula stage). Numbers indicate the proportion
of embryos that the panel represents (the asterisk highlights titf expression
in notochord). See also Figure S2.
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Figure 3. b-Catenin Signals Act in Two Steps
(A and B) Single embryonic cells were injected with TCFDC RNA at the
8-cell or late 16-cell stage as indicated. Markers and expression domains
are indicated on the left and embryonic stage on the top left of each panel.
Numbers indicate the proportion of embryos that the panel represents. In
(A), 12/21 embryos showed ephrin-Ad expression in four cells and 8/21 in
one to three cells. In (B), 20/27 embryos showed bra expression in two
E cells and 3/27 in one E cell. In addition, 4/27 embryos had low levels of
bra expression in A-line neural lineages. See also Figure S3.
b-Catenin Segregates Embryonic Lineages in Ciona
493In summary, this study describes an example in chordate
embryos of binary fate specification controlled by nuclear
b-catenin asymmetry that is coupled with oriented cell divi-
sion. In Ciona, this process contributes to the segregation
of the embryonic germ layers. Together with other recent
examples in mouse cortical neural precursors and zebrafish
tailbud, this implies that nuclear b-catenin-driven binary fate
specification may be widespread throughout the animal
kingdom [21, 33].
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Figure 4. The Role of b-Catenin during Germ
Layer Segregation in Ciona
(A) Model. (B) Experimental procedure gener-
ating a b-catenin ON-to-OFF sequence in a
subset of animal cells. (C) foxD, zicL, and bra
expression after the procedure in (B). The
number of embryos (shown in animal pole view)
that the panel represents is indicated. foxD is
activated in animal cells after BIO treatment and
inhibited in the injected cells by TCFDC. zicL
expression was detected in two (28/30) or one
(2/30) and bra in four (15/58) or one to three
(25/58) animal cells. See also Figure S4.
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Embryo Experiments and Microinjection Constructs
Adult Ciona intestinalis were purchased from the Station Biologique de
Roscoff (France). Blastomere names, lineage, and the fate maps are previ-
ously described [11, 34]. Embryo culture and microinjection are described
[35]. 12xTCF::lacZ [10] DNA was injected at 0.05 mg/ml and Ciona TCFDC
[21] mRNA was injected at 1 mg/ml. Ciona b-catenin (R459A:H460A)-venus
was a gift from R. Dumollard and based on von Kries et al. [36]. b-catenin-
MO (50-TTCTGTTCATCATCATTTCAGCCAT-30, Gene Tools) was injected
at 0.5 mM. BIO (GSK-3 Inhibitor IX, Calbiochem) was used at 2.5 mM. All
data are pooled from at least two independent experiments. Further details
are described in Supplemental Experimental Procedures.
In Situ Hybridization, Histochemistry, and Immunostaining
In situ hybridization, gene markers, and the b-catenin antibody are
described previously [15, 37, 38] (http://ghost.zool.kyoto-u.ac.jp). Further
details are described in Supplemental Experimental Procedures.
Time-Lapse
Unfertilized eggs of Phallusia mammillata were injected with RNA encoding
b-catenin (R459A:H460A)-venus and H2B-mCherry, incubated for 3 hr, and
fertilized. Four-dimensional images (Figure 1D) were acquired on a Leica
SP5 confocal microscope and processed with ImageJ. Six pairs of NN
and E cells were analyzed from three Phallusia embryos. Further details
are described in Supplemental Experimental Procedures.
Supplemental Information
Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.cub.2013.02.005.Acknowledgments
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